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Abstract
Semiconductor Optical Amplifiers (SOAs) perform a crucial role in current optical
communications systems. As electro-optical switches, the SOAs permit switching of data
streams without the need for conversion to the electrical domain. Therefore, the data
traffic can operate much faster and more efficiently, since conversion of data streams are
time consuming.
In order to perform SOA switching, the SOA gain must shift in large amounts.
This is obtained by injecting light or by changing the SOA current. This work employs
the latter approach. The injected electrical current variation affects the SOA refractive
index due to a large change in the carrier density inside the SOA active region. This
change in the refractive index affects the optical effective length of the active cavity, thus
causing frequency deviation known as Chirp. Using Pre-Impulse Step Injected Current
(PISIC) technique, it is possible to significantly improve the SOA rising time, although
that will also cause chirp. Therefore, it is important to make a quantifying analysis of the
phenomenon, characterizing the variables which can have influences in this matter.
The measurements are made using the frequency to intensity conversion provided
by optical filters. In this work, the first method uses two fixed optical filters, instead of
only one as available in the literature. Also, using the same method as the literature, we
characterize different parameters of the SOA. The results evince chirp peaks during the
SOA off-on gain rising time and at the on-off gain decay. The chirp peak values of around
2 GHz are coherent with published results. The PISIC modulation technique slightly
increases the chirp’s peak and significantly extends the transient oscillations afterwards.
SOA’s bias however does not have major influence other than, when very low, deteriorate
the temporal signal, compromising the analysis. The laser power overpopulates the low
state of the SOA, decreasing the difference between the states and, therefore, decreases
the peak of the frequency deviation.
Keywords: Optical amplifier, Optical communication, Optical switching, Telecom-
munications.
Resumo
Amplificadores O´pticos a Semicondutores (SOA, do ingleˆs Semiconductor Optical
Amplifier) teˆm um papel crucial nos sistemas de comunicac¸a˜o o´ptica atuais. Como chaves
ele´tro-o´pticas, os SOAs permitem o chaveamento do fluxo de dados sem a necessidade de
conversa˜o para o domı´nio ele´trico. Portanto, o tra´fego de dados consegue operar muito
mais ra´pido e mais eficientemente, ja´ que a conversa˜o dos dados desperdic¸am tempo.
Para que se chaveie o SOA, seu ganho necessita mudar drasticamente. Isso e´
alcanc¸ado atrave´s da injec¸a˜o de luz no SOA ou mudando sua corrente. Neste trabalho
se aplica o segundo me´todo, e a variac¸a˜o da corrente ele´trica injetada afeta o ı´ndice
de refrac¸a˜o do SOA devido a` grande mudanc¸a na densidade de portadores da regia˜o
ativa. Essa mudanc¸a no ı´ndice de refrac¸a˜o muda tambe´m o comprimento efetivo da
cavidade ativa, consequentemente causando um desvio de frequeˆncia, conhecido como
gorjeio. Utilizando a te´cnica de PISIC (Preimpulse Step-Injected Current, ou seja, uma
injec¸a˜o em passo de uma corrente de pre´-impulso), e´ poss´ıvel melhorar significativamente
o tempo de subida do SOA, entretanto isso afetara´ o gorjeio. Portanto, e´ importante
fazer uma ana´lise quantitativa do fenoˆmeno, caracterizando as varia´veis que podem ter
influeˆncia na questa˜o.
As medidas sa˜o feitas utilizando a conversa˜o de frequeˆncia para intensidade pro-
porcionadas por filtros o´pticos. Neste trabalho, o primeiro me´todo utiliza dois filtros
o´pticos fixos, ao contra´rio de apenas um como dispon´ıvel na literatura. Ale´m disso, uti-
lizando o mesmo me´todo da literatura, caracterizamos diferentes paraˆmetros do SOA. Os
resultados evidenciam picos de gorjeio durante o tempo de subida do ganho do SOA e
no tempo de decida. Os valores de gorjeio sa˜o coerentes com os resultados publicados.
A modulac¸a˜o por te´cnica de PISIC aumenta um pouco o pico de gorjeio e prolonga sig-
nificativamente as oscilac¸o˜es transientes logo apo´s. A corrente de polarizac¸a˜o na˜o tem
grande influeˆncia no gorjeio ale´m de, quando muito baixa, deteriorar o sinal temporal,
comprometendo a ana´lise. A poteˆncia do laser superpovoa o n´ıvel lo´gico baixo do SOA,
diminuindo a diferenc¸a entre os estados e, por isso, diminui o pico de desvio de frequeˆncia.
Palavras-chave: Amplificadores o´ticos, Comunicac¸a˜o o´tica, Chaveamento O´tico,
Telecomunicac¸o˜es.
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Chapter 1
Introduction
The optical telecommunication systems have enabled a huge revolution in our
communication. The amount of information exchanged daily through optical fibers is
beyond any other channel. Not only because of the increasing demand of the Internet,
but also for many other applications finding their way into the optical systems, such as
radio-over-fiber, television broadcasts and many others. New applications, such as the
Internet of Things, are also growing bigger into the optical telecommunications systems
and will represent another source of demand increase. As Cisco elaborates in its forecast
[1], the amount of data exchanged via the Internet will surpass the zettabyte (a thousand
exabytes, or 1021 bytes) threshold in 2016, and the two zettabytes by 2019. In the past 5
years, the Global IP traffic has increased five times, and is estimated to increase another
three times in the next five years. Unfortunately, that traffic is not perfectly distributed
during the daily hours. Moreover, the busy-hour traffic is increasing more rapidly than
the average. That is why it is so important to develop and supply the system with as
much bandwidth and speed as we possibly can.
It has been decades since the use of the optical fibers first became popular. Since
then, the technology has passed through a lot of changes. Even after so many years, it has
become so successful that there is not an alternative in sight in terms of bandwidth and
data route. Every component of the system has its performance enhanced significantly.
[2, 3]
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The Semiconductor Optical Amplifier (SOA) was first built to operate as an
amplifier, as the name suggests. However, such use has drawbacks when compared with
contemporary erbium-doped fiber amplifiers, such as higher noise figure, non-linear gain,
low upper-state lifetime, thus smaller stored energy, smaller gain bandwidth and lower
output power. However, SOA is bodily smaller, can be integrated, and its nonlinear
properties can be used to provide wavelength conversion and fast space switch. When fed
with electric current, it amplifies the light letting it through, otherwise, without current,
it absorbs it with high extinction ratio. It is relatively fast and effective for that purpose.
[4]
Because of its efficiency as an optical switch, SOAs are used worldwide. They
enable the system to operate as reliable and fast as they currently can. However, operating
as switches, inherently cause frequency chirp on the optical beam going through. In
Dense Wavelength Division Multiplexing (DWDM) systems, depending on the amount of
frequency deviation of an optical carrier and its linewidth, the chirped beam can interfere
on adjacent channels causing crosstalk, which can compromise their well functioning,
naturally depending also on the device’s structure [5, 6, 7]. Also, in coherent systems, chirp
can complicate demodulation. Therefore, a quantification method for chirp is necessary
to characterize those occurrences.
The goal of this work is to develop a quantification method for the optical signal
frequency deviation, also known as frequency chirp, as well as using it to characterize the
parameters which can potentially have influence on the phenomenon.
The literature provides a method applying one Variable Optical Attenuator (VOA)
[8, 9]. On the first set of measurements and analysis, we modified it to use two crossed
bandpass optical filters. Thus, there is no need to worry about the VOA tunning. On the
other hand, the measurements have a limited spectral range to work. On the second set
of measurements we used the literature method and compared further parameters. Thus,
using both methods, it is possible to make an objective comparison.
Another aspect that differs this work from the literature is that they analyzed
frequency chirp caused by optical pulses, whilst our work investigates the influence of
17
directly injecting carriers and switching the SOA.
Now that a broad view of the project was presented, it is important to present
some of the background, so that the project reading is more easily followed. The back-
ground chapter introduces some of the important devices and concepts that are significant
for the understanding of this work, and brings some review of the literature to better sit-
uate it. The methodology chapter elaborates on how the system was set to perform the
analysis, and how we manipulated the data acquired via software to find the chirp infor-
mation. Then we present the results chapter, and lastly we make our final considerations
on the conclusion chapter.
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Chapter 2
Background
This chapter introduces very briefly some of the fundamental devices, concepts
and literature for the better understanding of this work. The main device subject to this
study is the SOA. Since the laser was invented first and served as base to the invention
of the SOA, it is elaborated first.
2.1 Semiconductor Lasers
Telecommunication is defined as long distance communication using technological
means. Moreover, when an optical source is used for that purpose, it is defined as Optical
Telecommunication. Lasers are the most used optical source in telecommunications.
What most differs lasers from common light sources is its spacial and temporal
coherence [10]. The light generated in most of the common light sources comes from
spontaneous emission. That means that photons are generated from the relaxation of
an electron in an excited state. Those photons do not have a particular direction to be
emitted nor wavelength; therefore, there is no coherence.
Stimulated emission happens when an electron, in an excited state, interacts with
a photon of a specific frequency. That interaction causes the electron to drop to a lower
energy level, generating two other photons with the same phase, frequency, polarization
and direction of the prior. Fig. 2.1 demonstrates these phenomena.
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Figure 2.1: Electron and photon interactions. [11]
Laser is a pn semiconductor junction operating as an optical oscillator. The
injected carriers from an external source recombine in the pn junction increasing photon
emissions.
However, these generated photons inside the pn junction can be absorbed by the
material. When the external source provides enough photon emissions for it to surpass
the absorption rate, it reaches a condition known as transparency [5, 12].
Another important property of the laser for proper functioning is the presence
of an optical oscillator, which is provided by a Fabry-Perot (FP) cavity. In theory, a FP
cavity would be two mirrors placed at each end of the semiconductor laser. Conveniently,
when the semiconductor is cleaved during manufacturing, its facets already reflect around
30 % of the light [13], which is enough to configure a positive feedback and maintain
stimulated emission. The optical oscillator promotes more gain to the photons that are
generated due to stimulated emission than those due to spontaneous. That explains the
laser’s coherence.
A coherent electromagnetic wave can be simply described as a quasiplane wave,
such as in equation 2.1 [10], where E is the electric field, z is the direction dimension and
t time, A is the amplitude of the wave, v is the frequency and t0 and z0 are respectively
temporal and spatial coordinates.
E(z, t) = A · cos[2piv(t− t0)− k(z − z0)] (2.1)
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As the equation describes theoretically, because of the laser’s coherence, the re-
sulting output is a simple periodical wave that should have a prevailing frequency. In
practice, that does not happen. In single mode lasers, one frequency (mode) tends to
prevail, but it is not pure. Its spectrum has an inherent width, known as the laser’s
linewidth. [14]
2.2 Semiconductor Optical Amplifier
The SOA operates very similarly to the semiconductor laser. It has basically the
same structure and operates due to the same principles. The main difference is that there
is no optical feedback inside the cavity. In other words, its output relies on the incoming
light beam to stimulate new photon emissions. [12]
Because of its physical dimensions in comparison to other amplifiers, low energy
consumption, high bandwidth and capability of being integrated in small ICs, there is
still high interest in this device. Also its nonlinear properties can be used to implement
wavelength converters and optical switches.
Figure 2.2: Structure of the Semiconductor Optical Amplifier. [11]
There are two main types of SOAs. The first is the Fabry-Perot SOA (FP-SOA),
which is analog to the FP laser and its reflections inside the structure are significant. In
other words, the light beam reflects many times inside the SOA before it goes out.
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The second is the Traveling Wave SOA (TW-SOA). Because of the cavity reso-
nance suppression on the device, the light only passes through once. The reflectivity on
the TW-SOA is set below 0.1 % using anti-reflection coatings and additional mechanisms,
such as inclining the active region or placing transparent material between it and the
anti-reflective coats. [11]
When comparing the two kinds of the device, the TW-SOA shows better stability
in terms of bias, temperature, coherence and signal polarization. For telecommunications
purposes, the FP-SOA brings so many drawbacks that it is rarely used in comparison to
the TW-SOA. Thus, in this project, we use the term SOA to refer solely to the TW-SOA.
2.2.1 SOA Gain
The SOA gain is a very important property because it guides most of its uses,
including the ones which benefits from its nonlinearities. It can be simply defined by
equation 2.2, where G is the resulting gain, Sout is the signal power at the output facet
and Sin the power at the input facet.
G =
Sout
Sin
(2.2)
The output power Sout in relation to the input power Sin behaves linearly only
while the input power is low. After that, increasing the input power depletes the active
region carriers, which results in a decrease in the gain. That is why the device is not
widely used as optical amplifier, as the name suggests. Other amplifiers, such as the
Erbium Doped Fiber Amplifier (EDFA), perform significantly better at that role.
Although the saturation is not wanted when performing as amplifier, other uses
were elaborated to use this characteristic as an advantage, such as wavelength conversion
using the cross-gain or cross-phase modulations and switching [11]. Later in this work we
characterize the device when used as a switch.
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2.2.2 SOA Electro-Optical Switch
The current high-speed WDM and DWDM optical communication networks re-
quire also high-speed optical switches. Moreover, more advanced components as add/drop
multiplexers can be better built with compact and integrable switches. Properties as abil-
ity to be cascaded, the high on/off contrast, fast switching and compactness make the
SOA a considerable choice for that. [11, 15]
The SOA-based switch can either be controlled optically or electrically. The
simplest form of operation is a single SOA controlled by switching on or off the electrical
current injection. This is the configuration used in our characterization. Another less used
way of operating the SOA as a switch is to make use of the cross-gain property controlling
the optical pump power. However, we do not characterize the device in such use.
2.3 Frequency Chirping
As discussed, the SOA structure is very similar to the laser. Its operation is very
dynamic in relation to the electrical signal injection or incoming light beam. Both of these
factors change the amount of high state carriers.
When switching the SOA, the injected current induces a sharp variation in the
SOA free carrier density. As consequence, there is a change of the refractive index of
the SOA’s active cavity. The fast change in the refractive index induces a wavelength
deviation of the optical continuous wave (CW) carrier propagating inside the SOA. The
frequency deviation is, therefore, more pronounced at the leading and trailing edges of
the signal pulse [8].
Modulation in semiconductor structures affects directly the optical frequency by
an amount of
δv(t) =
δφ˙(t)
2pi
in relation to the steady-state frequency v0 = ω0/2pi. This phenomenon of shifting the
frequency is referred to as frequency chirp [5]. Although there are other uses to the term,
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in this particular work we only refer to chirp when applied to the just defined concept.
As stated, frequency chirp happens due to the influence of changing the amount of
carriers in the semiconductor’s active layer. Since this work deals with the laser operating
in continuous wave and switching the SOA due periodical current injection, the chirp will
also be periodical.
Evidently, the behavior of the frequency chirp depends directly on the material
composition of the semiconductor. Moreover, not only frequency chirp is affected by it,
but also other aspects of the device, such as bandfilling (Burstein-Moss effect), band-gap
shrinkage and free-carrier absorption (plasma effect). [6]
2.4 Review of the Literature
In 2005, Hadass et al. presented their work to the Applied Physics Letters Jour-
nal. They resolved the chirp information of an InAs/InP quantum-dash optical amplifier
operating with 10 Gbit/s data at 1550 nm in time using a VOA. In 2008, moreover, they
presented other investigation on the subject measuring the chirp properties [8]
The focus of their work was to resolve the chirp information caused by the injec-
tion of optical pulses into the semiconductor device. Our approach to the process, further
developed after the work of Melnikoff et al. [16], is to analyze such information during the
device switching. Therefore, instead of an optical signal causing the frequency deviation,
we observe it during the electrical current injection. Although the mathematical proce-
dures are slightly different than the one we developed and elaborate in the methodology.
The premises and bases are the same, and the achieved results are remarkably similar.
The SOA has been presented, based on the concepts that brought the invention
of the laser. Also, the frequency chirp was also briefly described, bringing important refer-
ences from the literature for further studies. Using the subjects presented in this chapter,
the next addresses the methodology used to obtain the frequency chirp information from
the SOA.
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Chapter 3
Methodology
This chapter explains the methodology used to measure the frequency deviation
in SOAs. Firstly, we describe the schematics of the system used to obtain the SOA’s
measurements, highlighting important configurations. After that, we describe the signal
registration and the mathematical considerations.
3.1 System Description
As previously explained, frequency chirp causes the output signal to deviate the
from the central frequency. The information we are trying to obtain is the time evolution
of frequency deviation.
Consider the optical carrier being filtered by two bandpass filters. The first filter,
here called Filter 1, is placed left of it, therefore behaves as a low pass filter and has a
negative slope in the region around the carrier. The second filter, here called Filter 2, is
placed to the right and, thus, behaves as a high pass filter and has a positive slope in that
region. These filters placements can be seen in figure 3.1.
With that system set, suppose the optical carrier slightly deviates its frequency
negatively, the first filter will have its output less attenuated, while the opposite will
happen to the second filter output. That means that there’s an amplitude difference due
to frequency deviation. This relation will be valuable to the chirp evaluation.
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Figure 3.1: Optical carrier placed between both filters. Dotted line represents the lin-
earized functions of the filters.
For that evaluation to be precise, the region where one filter’s response curve
slope ascends while the other descends must be wide enough for the frequency deviation
of the optical beam occur. If that deviation exceeds this region and surpass the maximum
point of any of the filters, the evaluation will be erroneous. Moreover, the laser has to
be stable in that region. If the laser does not maintain its wavelength with precision, the
chirp information obtained will not be reliable.
The first system we actually used with that configuration is depicted in figure
3.2. The SOA is characterized in terms of its bias, amplitude of the step current injection
and PISIC modulation technique [17, 18]. We hereby call this system as first system.
The PISIC technique guarantees off-on gain switching with a fast rising time on
the SOA gain, expectedly with relatively high chirp. In order to achieve that switching
technique, it is necessary to use both the Electrical Pulse Generator (Agilent N4903B)
outputs. They are set with 30 ps rising time and 1.8 Vp-p. One output is configured
to generate a squared wave of 16 ns period, and the other a short impulse just at the
rising of the square wave with around 60 ps duration. The same is obtained in the square
wave decay. There is an overshoot at the current step’s beginning that populates the
SOA (CIP SOA-NL-OEC-1550) more effectively, thus decreasing the switching gain rising
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time. Visual representations of the technique applied to the signal will be shown in the
results chapter, on section 4.2.
Before both generator outputs are boosted by both amplifiers of a 26 dB gain
driver (OA3MHPDE centellax), they are attenuated by 6 dB attenuators for protection
and reduction of multiple reflections. After the amplifier they are merged using a mi-
crowave 50 GHz bandwidth combiner, which also attenuates the signals by 6 dB. The
attenuators and combiner attenuation also prevent possible reflection damage to the am-
plifier or generator.
Each of the amplifiers have a maximum output voltage of 8 Vp-p on saturation.
After the coupler’s attenuation of 6 dB, the resulting signal can reach 4 volts while the
outputs are saturated. That signal is applied to the 50 ohms load. Considering that the
SOA have low electrical input impedance (around 3 ohm), the SOA injected current can
reach a peak of 80 mA due to the first amplifier (step signal) plus 80 mA due to the
second amplifier (impulse signal that forms PISIC), with an overall peak of 160 mA. This
peak current injects an huge amount of carriers, providing deep SOA saturation at the
beginning of PISIC.
In order to use the bandpass portion of the optical filters, we make use of an
circulator, as shown in the schematics of figure 3.2. We also use two optical switches
to alternate between both filters and between the Optical Spectrum Analyzer (OSA –
Agilent 86146B) and the oscilloscope (Agilent - 86100C).
The hereby called second system set is depicted in figure 3.3. The generator
signal is combined before amplification, thus we use only one amplifier, simplifying the
circuitry, although the saturation point is changed. Instead of using two fixed optical
filters, following the literature, we use one Variable Optical Attenuator (VOA) in order
to explore new conditions and compare the methodologies. We also changed the laser for
stability and precision purposes.
As it will be elaborated in chapter 4 of results, the SOA’s bias current did not
have much relevance to the study. Instead, we added the laser power characterization this
time.
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Figure 3.2: First system set used for characterizing step current amplitude effects, SOA’s
bias and PISIC parameters on the frequency deviation.
Figure 3.3: Second system set used for characterizing step current amplitude effects, PISIC
parameters and laser power on the frequency deviation.
These two systems, although very similar, showed significantly different results,
as it will be shown in chapter 4.
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3.2 Software
With the previously described systems set, we obtain the spectrum information
via OSA and the temporal signal from the oscilloscope. They are manipulated through
software Matlabr in order to obtain the chirp information. In this section, we elaborate
the manipulations of both the spectrum and the time signal information.
3.2.1 Spectrum Functions
From the OSA, we obtain the Amplified Spontaneous Emission (ASE) spectrum
through both filters. With those spectra, we can estimate the filters’ linear functions inside
the desired range. These functions allow to mathematically obtain the chirp information
from the amplitude difference in the filters temporal outputs.
The first assumption we make is that at the peak of the filter’s curve, their
functions will multiply the input signal by one (100% reflection). In other words, in
the frequency where the filters have their maximum point, they will let the signal fully
reflected (considering the first system, in the second system’s case, the signal fully passes
through). From that assumption, it is possible via algebraic manipulation to find the
filters’ function. Although it is evident that there is a difference between the maximum
points in both curves, we assume that the difference is due other losses, such as insertion
losses.
The next step is to linearize the filters and get mathematical equations to describe
them. From the curves we select a region were the filters behave linearly, as shown in
figure 3.1, and make a linear regression to obtain equations to both filters. They are
obtained in the form of two coefficients [8, 9]: offset is represented by α and slope by β,
and the angular frequency by ω as traditionally, as shown in equations 3.1 and 3.2.
Filter(1) = α1 + β1 · ω (3.1)
Filter(2) = α2 + β2 · ω (3.2)
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To obtain the frequency deviation information, the filters output are subtracted.
Thus, the subtraction is also applied on the spectra information. Consider such arithmetic
operation:
Filter(1)− Filter(2) = α1 + β1ω − (α2 + β2ω) (3.3)
Filter(1)− Filter(2) = (α1 − α2) + (β1 − β2)ω (3.4)
For convenience, let us define the subtraction of the filters Filter(1) − Filter(2)
as f0 and the subtraction of the constants α and β as C1 and C2, respectively, as the
following:
f0 = C1 + C2ω (3.5)
With the mathematical frequency description for the filters, we have information
to apply on time signals, therefore we can proceed to the manipulation of those.
Notice in Fig. 3.1 that the region where both filters functions are crossed is
limited. The bandwidth where that happens limits the analysis of the frequency chirp.
Ideally, the optical carrier’s wavelength should be tunned exactly in crossing point
of the filters, therefore both the outputs would have the same attenuation. The frequency
chirp will cause the optical carrier to deviate to either side. If that deviation exceeds the
maximum or minimum point of the filters, the analysis is invalidated. That is because
the mathematical procedure is based on the premise that as the optical carrier deviates
to either side, one signal will increase as the other will decrease. As it surpasses the
maximum and minimum of the filters, the premise becomes untrue. Fortunately, as the
results section will show, the frequency deviation does not reach that point.
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Filters Settings
As already put, the first system used two fixed optical filters. Therefore, the
region where the chirp is to occur is set by the filters spectrum themselves. They will set
the maximum frequency deviation possibly acquirable as well. The laser must be as stable
and as precise as possible in the crossing point of the filters. The SOA’s ASE through the
filters spectrum can be seen in Fig. 3.4.
Figure 3.4: Filters response.
Fig. 3.4 shows that the filters do not really seem to be linear in the middle of
the crossing region. However, the axis’ logarithmic scale does not make it clear to make
that analysis. Thus, it is convenient to put the curves in a linear scale, which makes also
convenient to add the filters linearization to the graph, as shown in Fig. 3.5.
The aliased appearance of the filters response are inherent to the resolution of
the acquisition device (0.02 nm). The linearization of the curves is significantly similar to
the actual filters, especially between -3 GHz and 3 GHz. As the results section will show
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Figure 3.5: Linearization of the fixed filters response.
further on, the highest measurements reach around 2 GHz, so the proximity of the curves
in this region is important, and in this case satisfactory.
In order to make a practical similarity quantification of the filters’ functions and
of the linearizations, we used the Mean Squared Error (MSE) between the frequency
deviation of -3 GHz and 3 GHz. Although it might be a subjective quantification, it can
serve to the purpose of simple comparison between both systems. We perform the MSE in
equation 3.6 with the subtraction of the filters, and since we already called the subtraction
of the linearized functions as f0, we call the subtraction of the observed filters spectrum
fˆ0, and n represents the number of indexes in which the frequency deviation criteria of -3
GHz and 3 GHz apply.
MSE =
1
n
n∑
i=1
(f0i − fˆ0i)2 ≈ 1.984 · 10−3 (3.6)
Although the linearization simplifies the chirp analysis, it also represents how
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distant it will be from the actual chirp. Therefore it is important to make that quantifica-
tion. As expected, the MSE of 0.00198 between the observed filters and the linearization
of the first system is very small. Thus, besides simplifying significantly the analysis, the
linear regression have enough correlation with the actual system.
On the second system, as already put, the measurements are acquired from a
VOA. The VOA is firstly tunned to the left spectral side of the optical beam as to behave
as a Low-Pass Filter (LPF). The measurements are set and acquired, and then the VOA
is tuned to the opposite spectral side, behaving as a High-Pass Filter (HPF), so to collect
the second set of measurements. Hereby we call the left placement of the VOA as Filter
1 and the right as Filter 2, in order to make it more similar to the first system analysis,
and thus simplifying the explanations.
The VOA is mechanically driven by a step-motor, which is manually controlled
by a potentiometer. The step motor has a discrete set of positions. So in order to
accurately tune the system, the VOA’s maximum point is tuned to each side until 10 dB
of attenuation is applied on the optical carrier. The SOA ASE through both placements
is shown in Fig. 3.6.
As it can observed in Fig. 3.6 when compared to Fig. 3.4, the maximum points
of the VOA response is significantly lower than that of the fixed filters. While the ASE
through fixed filters have around -34 dBm, the VOA only reaches -48 dBm. Moreover,
the fixed filters have a steeper curve, allowing the optical beam to be positioned closer
to the maximum points, thus to be less attenuated. These conditions cause the signals
acquired by the second system to be much more attenuated. That is the reason why, as
the result section presents, the signal to noise ratio of this setup is clearly affected.
Fig. 3.7 shows the filter response and linearization, on linear scale. The crossing
region is evidently very attenuated. As it will be seen in the results section, such attenua-
tion significantly affected signal to noise ratio of the measurements, although the acquired
results are still valid and in accordance with the literature.
As already put, it is important to evaluate inaccuracy caused by the linearization.
So we perform the MSE, in order to compare how different it is from the actual filters’
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Figure 3.6: VOA response on both tunings.
functions. Running the Mean Squared Error equation for the spectrum of the second
system, the result is shown in equation 3.7.
MSE2 =
1
n
n∑
i=1
(f0i − fˆ0i)2 ≈ 2.185 · 10−6 (3.7)
The resulting MSE of 2.185 · 10−6 is smaller than the MSE of the fixed filters
response. However, there is significant attenuation in the crossing point of both curves.
In spite that, the linearization is very correlated to the data, resulting in a low MSE,
which means the linear equation provides accurate estimations.
Since these settings provide good correlation between the linearization and spec-
tral curves, the results of from the VOA settings serve as reference for future estimations
on which parameter the characterization should focus most: the linearity of the filters
curve or maintaining low attenuation.
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Figure 3.7: Linearization of both VOA settings.
3.2.2 Time Signals
The oscilloscope exports its information in table format. Based on that, we
obtain the time signals of the filters response for every measurements to characterize the
frequency chirp induced by the SOA.
The temporal signal acquired by the oscilloscope is 1024 samples average obtained
at the output of each filter. This way, it is guaranteed that whatever acquired information
is periodical and the noise effect is decreased. Since chirp is not random and is caused by
the input signal, averaging emphasizes its characteristics.
However, the average function of the oscilloscope brings the sampling frequency
down. Fortunately, the resulting sample rate is satisfactory to our purpose and does not
compromise the analysis.
Since both the filters signal acquired by the oscilloscope can subtly differ from
time to time, in both amplitude and triggering, it is necessary to adjust both of them.
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We assume that if no chirp is present, the signals from both filters have to be exactly the
same. In order to achieve that criteria we manipulate the signals via software. Examples
of acquired temporal signals from the second system set (Fig. 3.3) are shown in Fig. 3.8.
Figure 3.8: Filters output signals without correction.
The first correction we perform on the signals is to match their DC component.
In order to do that, we arbitrarily choose one as reference, and set the other signal to
make them match.
With their DC offset matched, it is easy to correct the amplitude difference.
Firstly, we find both signals mean value, then we set one as reference, as previously, and
apply a matching amplification on the other. The resulting corrected signals are shown
in Fig. 3.9.
The resulting signals show high correlation as expected. However, the amplitude
correction also changes the signal to noise ratio between them. Such resulting difference
is evident in Fig. 3.9.
Although it can worsen the noise issue, the amplitude and offset correction is
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Figure 3.9: Signals after amplitude and time manipulation.
crucial for the estimations.
3.2.3 Chirp Evaluation
Consider the spectrum of the filters in figure 3.1 and the time signals in figure 3.9.
If the output of both filters maintain the ideal 0 Hz of deviation and the optical carrier
is placed exactly as figure 3.1, both time signals are going to be the same. Thus, if those
time signals are subtracted, the result is zero. In other words, if they have no frequency
deviation, then F1 − F2 = 0, F1 being the time output of filter 1 and F2 of filter 2, as in
figure 3.9.
Now, suppose another extreme condition on which the signal deviates in frequency
so much that F1 has its peak and F2 is eliminated. A good mathematical description would
be one that would result zero when there is no frequency deviation and a maximum in
this supposed situation. Equation 3.8 [8, 9] makes that description since the sum of both
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signals in the denominator makes the normalization needed.
f0 =
F1 − F2
F1 + F2
(3.8)
Since equation 3.8 describes the normalized subtraction of the output of both
filters, it directly relates to f0 from equation 3.5. Thus, with both equations 3.5 and 3.8,
it is possible to isolate the frequency deviation.
∆f =
f0 − C1
C2
(3.9)
Equation 3.9 results in the temporal chirp information in Hz. That will illustrate
how intensity modulation on the SOA causes frequency deviation.
It is important to point that the normalization in equation 3.8 can bring some
drawbacks to the estimation, especially during the low logic state of the electrical pulses.
While that state is occurring, the denominator can get relatively low, thus resulting in
inaccurate f0 amplification.
However, the subtraction F1−F2 in equation 3.8 has the physical unity of power.
The normalization eliminates such power unity, which allows an easy relation with the
filters transmittance curves through the equation 3.9. In order to avoid the normalization,
there would have to be considered many other aspects of the system to convert the power
unity of the subtraction to the desired frequency deviation, such as the optical input power
and the SOA parameters.
Therefore, the normalization is used in order to keep the estimation simple. Al-
ternative methods to avoid it will be considered in future works.
The experimental system to obtain the signals was presented, and also the soft-
ware developed to perform the corrections on both the OSA and oscilloscope data and to
estimate the frequency chirp. With those tools available it is possible to characterize the
devices in function of whatever variables may have influence on the phenomenon.
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Chapter 4
Results
With the process to obtain the chirp information already elaborated, now we show
the results obtained from the characterization of the SOA with the systems previously
described.
In order to characterize the SOA induced chirp, we first varied three parameters.
The first is the amplitude of a simple step injected current, the second with the switching
PISIC technique, varying the amplitude of the current impulse added to the beginning of
the previous step, third we characterize the SOA bias current. On the second system we
characterized again the simple step current and the PISIC technique, and then the input
optical power.
The reasons why there were characterization variable changes from the first to
second setup are presented further.
4.1 Step Switching
On the first setup (Fig. 3.2) we only used a square wave current to switch the
SOA (periodical step switching), which is the traditional. Since this is the most simple
and traditional method of current injecting of this the device, it is important analyze the
frequency deviation induced by that.
During the step switching characterization, the SOA bias is set to 100 mA and
39
the input optical power is set to -5 dBm.
We ranged the amplitude voltage from 100 mV to 1000 mV, with increments of
50 mV on the generator. That results in voltages of 1 to 8 V after the attenuator and
amplifier. Because there is no signal on the second output, the combiner will attenuate the
signal in 6 dB, and the maximum voltage will be of approximately 4 Vp-p. The resulting
currents should range from 10 mA to 100 mA, but due saturation the peak is 80 mA.
Fig. 4.1 shows the results of the analysis when the lowest step current is applied
into the SOA. The graph maintains the same chirp scale in order to facilitate comparison
with the next results.
Figure 4.1: Frequency chirp induced by step switching. Amplitude of 10 mA.
Notice that there are oscillations both the rising and falling edges (around 0 ns
and 80 ns, respectively). During the falling edge of the signal, the oscillation is more
significant to the negative side of the frequency deviation, and during the rising edge the
opposite is true. These phenomena are supported by the literature [5, 8, 9]. Also notice
that the peak of frequency deviation reaches around 500 MHz using the applied current
injection.
Figure 4.2 depict the same switching technique but with the maximum current
applied, 80 mA.
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Figure 4.2: Frequency chirp induced by step switching. Amplitude of 80 mA.
The first noticeable difference is the peak value of the frequency deviation. With
this current, it reaches 3 GHz. Another evident difference is the duration of the transient
oscillations. With lower amplitude, in the first measurement, the oscillations took around
5 ns, while with the highest amplitude that duration doubled.
In order to avoid overloading with images to represent how the plot changes
over the voltage amplitude, we add another axis with this variable and plot it in three
dimensions, as it is shown in figure 4.3. The axis value is kept in relation to the generator
output because the amplifier reaches saturation, and the actual current was not measured.
The dependency of the frequency deviation on the amplitude of the injected
current gets very clear and evident looking at the three-dimensional plot.
Now we refer to the analysis of the data acquired using the second system, de-
picted in figure 3.3. Unfortunately, the results acquired from this system showed a signif-
icantly worse noise, which has caused detriment to the chirp evaluation. Fig. 4.4a shows
the data evaluated for 200 mV on the output of the generator for step injected current.
However, as expected, when using higher amplitude voltage, the evaluated signal gets
much better, as seen in figure 4.4b. Some of the analysis from the literature also show
this amount of noise, as in [8].
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Figure 4.3: Three-dimensional plot for first setup step switching measurements.
(a) 10 mA. (b) 80 mA.
Figure 4.4: Second setup measurements.
Because of this amount of noise caused by the VOA settings, the three-dimensional
waterfall plot is not as clear as the previous, but it is important to be shown for reasons
of later comparisons, as it is in Fig. 4.5. It is possible to notice the growing chirp peak
as the step amplitude increases.
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Figure 4.5: Three-dimensional plot for second setup step switching measurements.
4.2 PISIC Technique
PISIC technique [17, 18, 19, 20] adds a short impulse to the beginning of the
current step feeding the SOA, more efficiently populating the SOA decreasing the rising
time. This abrupt change in the amount of carriers changes the refractive index of the
semiconductor and will therefore cause chirp.
Because this technique focus on the rising edge, when the impulse is added, we
emphasize the plots at this part of the signal cycle. These are measurements with the
first setup, using one of the generator output with 250 mV amplitude, the SOA’s bias to
100 mA and changing the impulse amplitude of the PISIC technique, ranging from 0 to
250 mV, with increments of 50 mV, with exception of 100 mV, which had issues during
the acquisition. Figure 4.6 shows the two first plots, with no added impulse and 50 mV
of such.
In Fig. 4.6a, on which there is no added impulse, the frequency modulation peaks
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(a) No impulse voltage (0 mV). (b) Smallest impulse voltage (50 mV).
Figure 4.6: Difference between no impulse voltage and low.
only around 1 GHz. On the other hand, with only 50 mV of impulse in the beginning of
the step in figure 4.6b, the frequency deviation is significantly increased. Moreover, the
duration of the transient oscillations is also increased.
It is important to mention, as discussed in subsection 3.2.1, there is a maximum
chirp deviation this method can detect, a saturation, which is determined by the range the
filter is placed for functioning as Filter 1 and 2. Consequently, if that deviation exceeds
that amount, the information extracted from this evaluation will not be precise. But one
important information showed by the plot, is that the added impulse by PISIC technique
largely increases the duration of the transient oscillation after the initial peak chirp.
A three-dimensional plot of the PISIC switching technique measurements is shown
in figure 4.8.
The noise issue on the second system is minimized by emphasizing the added
impulse region of the PISIC technique. Fig. 4.9 shows the three-dimensional plot of
the signal analysis of the PISIC technique on the second system. Because there is the
addition of a 10 dB attenuator in this system, the generator amplitude is considerably
larger. Nevertheless, the measurements for the technique are similar.
Notice that there is an evident saturation on the chirp peak on this system,
making the increase not very evident. The transient oscillation, on the other hand, shows
duration increase.
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Figure 4.7: High impulse voltage (250 mV)
Figure 4.8: Three-dimensional plot for chirp due to PISIC switching technique.
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Figure 4.9: Three-dimensional plot for the PISIC characterization of the second system.
4.3 SOA Bias
The bias calibration is very important for well functioning of the SOA. It should
be set in order to enhance the extinction ratio. If it is set too low, the SOA is unable to
provide amplification, and if it is excessive, the high state saturates and the low state lifted
up. Moreover, when the bias is low, the signal to noise figure gets significant, complicating
the chirp evaluation.
The lowest bias current that allowed output signal was 60 mA , as in figure 4.10a.
The signal to noise ratio issue is evident. PISIC technique was used to switch the SOA,
with 250 mV step and 100 mV impulse. The measurements ranged from 60 to 150 mA,
with 10 mA increments with exception of 100 mA, which had issues during the acquisition.
As expected, when bias is relatively high, signal to noise is not an issue. The
highest measurement made was with 150 mA bias, which did not bring saturation problems
and neither overloaded the device. The measurement is shown in figure 4.10b.
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(a) 60 mA SOA bias. (b) 150 mA bias on the SOA.
The three-dimensional plot for the bias measurements is shown in Fig. 4.11.
It clearly shows the enhancement due to the signal to noise ratio on the chirp evalua-
tion, though it is not clear if it really has any influence on frequency deviation, thus the
characterization is not done on the second setup.
The measurements performed during low bias showed the highest frequency devi-
ation peak of this work. However, it is evident that the low bias compromises the retrieved
information, compromising its reliability. Therefore, we will not consider the 3 GHz peak
acquired on these signals as accurate. Although, during the step characterization of the
first system, in Fig. 4.2, did reach that peak. On that circumstance, such rising peak
along with that amplitude, is plausible.
4.4 Optical Input Power
When we first performed the characterizations on the first system setup, on the
parameters of bias, step current amplitude and PISIC technique, we showed correlation
between frequency chirp and current injection amplitude. On the other hand, the bias
characterization did not show such correlation. Moreover, the low bias deteriorated the
analysis. For that reason such characterization was dropped on the second system.
However, all these characterizations focused on the electrical aspect of the SOA,
which is not exclusive when determining the frequency deviation. It is important to
also consider the optical perspective. Therefore, we included the input optical power
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Figure 4.11: Three-dimensional plot for chirp due to SOA’s bias.
characterization by the time we set the second system configuration. Fig. 4.12 shows the
three-dimensional plot for such characterization.
We characterized the laser power from −15 dBm to 5 dBm, with 2.5 incre-
ments.The results show that the frequency chirp is inversely proportional to the input
optical power. The optical carrier increases the low state of the SOA and drives the high
state to saturation, decreasing the extinction ratio. Therefore, the difference between the
optical population of the states is decreased.
We performed the frequency chirp analysis using two different system setups.
We characterized the electrical parameters for switching the device, including the PISIC
technique for faster rising time, and input optical power. The peak results show coherence
with the literature [8, 9, 16].
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Figure 4.12: Three-dimensional plot for input optical power characterization.
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Chapter 5
Conclusions
We evaluate the chirp in the semiconductor optical amplifiers using two different
measurement setups. The method found in the literature using a variable optical atten-
uator (VOA) makes the analysis possible without a tunable optical source. However, the
VOA increases considerably the attenuation, making the noise become a significant issue.
Furthermore, the VOA low precision makes the fine tuning more difficult.
The second system setup is a new proposed methodology applying two fixed
filters instead of the VOA, which provided significantly better results, especially in terms
of signal to noise ratio. Although the filters set a limited band for the measurements,
with the availability of a tunable optical source, it is possible to perform the analysis. It
is important to ensure the optical source stability at the crossing band of the filters in
order to make accurate estimations.
While the literature analysis focus on the frequency deviation caused by opti-
cal signal injection on the SOA, our work is focused on the electrical current injection
effects. Such characterization is important to investigate the influence of SOA-based
electro-optical switches on WDM or DWDM channels. Since the results showed peak
values of 3 GHz, it is important to consider the phenomenon in DWDM networks to avoid
crosstalk.
As mentioned, the results obtained using the VOA showed high noise figure. The
oscilloscope averaging function reduces the problem, but does not extinguish it. Filtering
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the estimations could reduce the noise, but it also affects the chirp estimation, attenuating
important information. That is why we did not apply any filtering in our estimations
despite the noise issue.
Still regarding the obtained results, the frequency chirp peak values shows high
correlation with the applied electrical current amplitude. The added pre-impulse used by
the PISIC technique increased the frequency deviation and also the transient oscillations
duration even more significantly after the added impulse. Besides that, it was shown that
a proper SOA bias current is crucial in order to acquire reliable chirp estimations. Also,
increasing the input optical power showed a decrease on the chirp peak, as expected.
5.1 Future Work
The proposed methodology could be applied to achieve further results, such as
the characterization of different SOAs (linear and non-linear), including devices without
encapsulation (chip-on-carrier). In addition, given the PISIC influence on frequency chirp,
the pulses used to switch the devices could be further evaluated in order to find an
optimized pulse format. Moreover, other parameters, such as temperature could also be
characterized.
The data acquisition from the oscilloscope is a long process due to the averaging
function. In order to facilitate and speed up the process, the data files and scripts could
be more adequately organized. Also, some parts of the previously mentioned processes
can be better automatized.
Furthermore, the experimental results could be compared to simulations, by using
software such as Z-SOA [18] and/or VPIphotonics.
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